Myocardial lactate production indicates anaerobic metabolism resulting from hypoxia or anoxia. Clinically, myocardial lactate extraction of less than 10% has also been used as an indicator of ischemia. Sixteen healthy young male volunteers underwent coronary sinus and arterial catheterization. A coronary sinus pacing catheter was used to obtain blood samples and increase the heart rate to twice the resting rate. Hemodynamic measurements and blood samples for lactate, free fatty acids and glucose were obtained at rest and during pacing. Seven of 16 subjects (44%) had lactate extraction of less than 10% at rest and/or at maximal pacing. No subject produced lactate. There was no correlation between myocardial lactate extraction and arterial glucose. However, lactate extraction correlated inversely with the arterial levels of free fatty acids (r = -0.67; p < 0.01). In addition, a positive correlation was present between lactate extraction and the arterial lactate level (r = 0.78; p < 0.01). In conclusion, myocardial lactate extraction is dependent on multiple metabolic parameters and any absolute value short of production cannot be considered abnormal.
MYOCARDIAL LACTATE EXTRACTION has been used for more than 20 years as an index of myocardial oxygenation.1-3 Lactate production and extraction have been used to assess the presence or absence of human myocardial ischemia. [4] [5] [6] [7] [8] In 1966 Cohen and associates9 published the first work demonstrating that patients with coronary artery disease, during supine leg exercise or isoproterenol infusion, either have net myocardial lactate production or extraction of less than 10% of the arterial lactate. Under these conditions none of their 11 control subjects had myocardial lactate extraction of less than 10%. Neill and Kremkau'0 also found that myocardial lactate extraction was not less than 9% in their control group during atrial pacing. Since then, myocardial lactate extraction of 10-60% has been considered normal, and values of less than 10% have been used clinically8 11-13 and in experimental models14 to denote abnormal myocardial physiology. Lactate extraction of less than 10% despite no net lactate production has been considered abnormal, for example, in subjects with normal coronary angiograms and chest pain'5 and patients with mitral valve prolapse. 16 Using isolated heart preparations, Williamson and Krebs`7 and Randle and associates'8 found that myocardial carbohydrate metabolism is dependent on the circulating concentration of ketone bodies and free fatty acids. Their isolated heart experiments have shown that myocardial lactate extraction can be completely inhibited in the presence of high levels of ketones and free fatty acids at a time when the heart is not hypoxic. Accordingly, we undertook a series of metabolic experiments in normal young men to determine if the observations made in isolated animal heart preparations could be applied to normal human myocardial metabolism.
Materials and Methods Subject Selection
Male volunteers (ages 18-27 years) were sought. The volunteers underwent a complete history, physical examination and laboratory tests. The laboratory tests included an ECG, chest x-ray, echocardiogram, complete blood count, liver function tests, thyroid function tests, fasting and 2-hour postprandial glucose, BUN, creatinine and urinalysis. Each subject had to complete at least stage V of the Bruce protocoll9 and reach 95% of his maximal predicted heart rate20 on a treadmill exercise test. In addition the subject could not be less than 5% or greater than 15% of his predicted weight. To avoid the effect of training on the myocardium, volunteers involved with a regular exercise or athletic program were not included. Also those with a history of chronic drug use or smoking were excluded. If all the above requirements were satisfied and all the laboratory tests were within normal limits, the volunteer was accepted as a subject. The examination and exercise test were performed several days to I week before the metabolic study.
The protocol was approved by the Committee on Human Research, of the University of California at San Francisco and the Human Research Committee at the San Francisco Veterans Administration Medical Center. Informed written consent was obtained from each subject before the procedure. Protocol Sixteen subjects fasted for 12 hours except for 100 grams of glucose given orally 9 hours before the procedure. No premedication was given.
Local anesthetic (2% lidocaine) was used to perform a venous cutdown, and a coronary sinus sampling catheter with pacing electrodes was inserted into the vein and positioned under fluoroscopy in the mid-toanterior coronary sinus. The position was checked by pressure and oximetry measurements; no contrast agent was injected. The stability of the catheter position through the entire protocol was verified by comparison of video disc images recorded at the beginning and end of the procedure. For arterial blood samples and pressure recordings, a short polyethylene catheter was inserted into the brachial artery by means of the Seldinger technique. The patency of the catheters was maintained by intermittent flushing with 0.9% normal saline (no heparin was used for this purpose). After a 30-minute rest period, the heart rate was increased by coronary sinus pacing to twice the resting rate. The pacing period lasted 45-90 minutes. Five subjects received a 10,000-USP units bolus of heparin intravenously in the middle of the pacing period and an intravenous infusion of heparin 1000 USP units/ hour was started and maintained for the remainder of the pacing period. During the rest and pacing periods, simultaneous arterial and coronary sinus blood samples for determination of free fatty acids, lactate and glucose concentration were obtained every 5-10 minutes. At each data point, heart rate and arterial pressure were recorded.
Chemical Analysis
Blood samples for free fatty acids were immediately placed in iced heparinized glass tubes, centrifuged at 4°C and separated. Free fatty acids levels were immediately determined by the Trout modification21 of the Dole procedure.22 The coefficient of variation for this determination was 3.5%.
Lactate samples were quickly placed in iced 7% perchloric acid. Lactate determinations were performed on the protein free supernatant by an enzymatic method.23 The sensitivity of this method was 0.03 mM of lactate, and the coefficient of variation for this method in our laboratory was 1.6%.
Glucose determinations were performed on plasma samples using a hexokinase/glucose-6-phosphate dehydrogenase coupled enzymatic method24 with a coefficient of variation of 1.5%. The free fatty acids, lactate and glucose analyses were all performed in duplicate.
Calculations
Myocardial substrate extraction (or production) ratio (%) was calculated as: (arterial substratecoronary sinus substrate)/(arterial substrate) X 100.
Tension-time index (TTI) (mm Hg sec/min) was calculated by multiplying the heart rate (beats/min) times peak systolic pressure (mm Hg) times systolic ejection period (sec/beat).
Statistical Analysis
Linear regression analyses were performed for the various hemodynamic and metabolic parameters and the standard errors of estimate were determined.
Results
Sixteen male subjects, mean age 23 years (range 18-27 years), met the above criteria and underwent the metabolic procedure. The mean resting heart rate was 66 beats/min (range 51-81 beats/min) and was increased to 136 beats/min (range 102-153 beats/ min) at peak coronary sinus pacing.
Seven of the 16 normal subjects had myocardial lactate extraction of less than 10% at some point during the procedure ( fig. 1 ). Two subjects were extracting less than 10% at rest; one continued to extract less than 10% during pacing and the other increased his myocardial extraction to 20% while pacing. Five other subjects whose myocardial lactate extraction was greater than 10% at rest decreased their extraction to less than 10% during the pacing stress test. In the 16 normal subjects, 134 data points were obtained at rest and pacing during the metabolic protocol, 18% (24 of 134) of these data points showed myocardial lactate extraction of less than 10%.
No significant correlation was present between myocardial lactate extraction and changes in heart rate induced by atrial pacing (r = 0.07) ( fig. 2A ). Likewise, there was no significant correlation between myocardial lactate extraction and tension-time index (r = -0.07) ( fig. 2B ).
However, with pacing the arterial free fatty acids rose with time in seven of the 11 subjects not receiving heparin ( fig. 3 , upper graph). Because of this finding, five additional subjects were studied with the same protocol, except pacing was not performed. Their data for arterial free fatty acids vs time are presented in the lower graph of figure 3 .
With changes in arterial free fatty acids, a significant negative correlation existed between myocardial lactate extraction and arterial free fatty acids ( fig. 4A ) (r = -0.67; p < 0.01). Figure 4B shows the relationship of myocardial lactate extraction and arterial free fatty acids in four subjects. Fourteen of 16 subjects had a similar wide range of free fatty acids during the experimental procedure ( fig. 4B ). With increasing arterial free fatty acids the myocardial lactate extraction in those subjects decreased. This is further ex- emplified in figure 5 , which shows the arterial free fatty acids and arterial and coronary sinus lactate levels of a subject during the protocol. A positive correlation was present between arterial levels of lactate and the myocardial extraction of this substrate for the group (r = 0.78; p < 0.01) ( fig. 6A ). Although a positive correlation between myocardial lactate extraction of arterial lactate existed for the group, 14 of 16 subjects demonstrated that for a given level of arterial lactate in an individual there could be a wide range of extraction ( fig. 6B ). This tends to indicate that something other than fluctuating arterial lactate was responsible for the change in lactate extraction. Figure 7 shows a plot of myocardial lactate extrac- tion vs arterial glucose. The subjects were fasting and the range of arterial plasma glucose was 88-111 mg% during the procedure. Over this normal range of glucose we did not find a significant correlation between arterial glucose and myocardial lactate extraction (r = 0.13).
Arterial free fatty acids are plotted against arterial lactate in figure 8A for relation (r = -0.58;p < 0.01) is present between these two arterial substrates. Although for the group there was an inverse correlation between arterial lactate and arterial free fatty acids, 13 of the 16 subjects had wide variations in their arterial free fatty acids with no or only small changes in the arterial lactate ( fig. 8B ).This tends to indicate that such changes in arterial free fatty acids do not alter circulating lactate levels. Finally, as the arterial-coronary sinus difference of free fatty acids increased, the myocardium decreased its uptake of lactate ( fig. 9 ) (r = -0.57; p < 0.01).
Discussion
Under normal conditions the myocardium extracts lactate. Using an isolated frog heart, Clark and associates25 first demonstrated that the myocardium only produces lactate during partial or complete oxygen deficit. When the oxygen supply is inadequate, excess glycolysis occurs and lactate is produced. The most common cause of inadequate myocardial oxygenation in humans is ischemic heart disease.
In 1966 Cohen and associates9 were the first to correlate myocardial lactate production or extraction with coronary artery disease documented angiographically. Fifty-two percent of their patients with coronary disease had myocardial lactate production and another 21% had lactate extraction of 10% or less. All 11 control subjects in their study had myocardial lactate extraction greater than 10% at rest. The authors interpreted the reduced myocardial lactate extraction (less than 10% but not overt production) in patients with ischemic heart disease as representing various mixtures from lactate-producing and nonproducing areas.
Since then, myocardial extraction of lactate of less than 10% has been used as an indicator of abnormal myocardial physiology in patients with chest pain and mitral valve prolapse16 and in those with chest pain and normal coronary angiograms.1" Our findings indicate that a myocardial lactate extraction of less than 10% may not indicate abnormal physiology. Seven of 16 of our normal subjects (44%) had myocardial lactate extraction of 10% or less at rest or during the stress of myocardial pacing. In reviewing the work of Neill and Kremkau,1" we found that in their normal group at rest, a myocardial lactate extraction of 1% was the lower limit of 2 standard deviations from the mean. Assuming a normal distribution about the mean, several of their 16 control subjects had myocardial lactate extraction of less than 10% at rest. In correlating myocardial lactate extraction with other metabolic parameters, there is a significant inverse correlation between the arterial level of free fatty acids and myocardial lactate extraction ( fig. 4A ). This is in agreement with the clinical studies of Lassers and co-workers. 26 The data indicate that in subjects with high free fatty acids, myocardial lactate extraction may be low (less than 10%) and not be an indicator of abnormal physiology.
Our analysis shows a positive correlation between arterial levels of lactate and myocardial extraction of this substrate for the group (fig. 6A ). Cohen and associates9 found that myocardial lactate extraction increased with elevating the arterial levels of lactate by exercise or isoproterenol infusion in their normal subjects. Bing and co-workers27 also showed a positive correlation between myocardial lactate extraction and arterial levels of this substrate.
Myocardial lactate extractions of less than 10% usually occur when the arterial lactate levels are low ( fig. 6A) . At low arterial levels of lactate, the arterialcoronary sinus difference will be small, approaching the sensitivity of most of the enzymatic methods for the determination of lactate. Therefore, small technical errors may produce erroneous changes in percent extraction and may even falsely indicate a small percentage of lactate production.
In conclusion, our findings indicate that myocardial lactate extraction of less than 10% may not be an indicator of abnormal physiology, but depends on other metabolic parameters. These parameters must also be determined when using myocardial lactate extraction to assess myocardial metabolism. An absolute value of myocardial lactate extraction other than overt production cannot be used as an indicator of abnormal myocardial physiology. Experimental protocols using only myocardial lactate metabolism to assess metabolic changes brought about by drug28-30 or surgical`therapy should be questioned.
